Abstract. The Lutzomyia subgenus (Diptera: Psychodidae) includes sibling species with morphologically indistinguishable females. The aims of this study were to analyse variations in the size and shape of wings of species within the Lutzomyia subgenus and to assess whether these analyses might be useful in their identification. Wings (n = 733) of 18 species deposited in Brazilian collections were analysed by geometric morphometrics, using other genera and subgenera as outgroups. Shape variation was summarized in multivariate analyses and differences in wing size among species were tested by analysis of variance. The results showed significant variation in the sizes and shapes of wings of different Lutzomyia species. Two clusters within the Lutzomyia subgenus were distinguished in analyses of both males and females. In Cluster 1 (Lutzomyia ischnacantha, Lutzomyia cavernicola, Lutzomyia almerioi, Lutzomyia forattinii, Lutzomyia renei and Lutzomyia battistinii), scores for correct reclassification were high (females, kappa = 0.91; males, kappa = 0.90), whereas in Cluster 2 (Lutzomyia alencari, Lutzomyia ischyracantha, Lutzomyia cruzi, Lutzomyia longipalpis, Lutzomyia gaminarai and Lutzomyia lichyi), scores for correct reclassification were low (females, kappa = 0.42; males, kappa = 0.48). Wing geometry was useful in the identification of some species of the Lutzomyia subgenus, but did not allow the identification of sibling species such as L. longipalpis and L. cruzi.
Introduction
Phlebotomine sandflies are vectors of Leishmania spp. and other trypanosomatids, bacteria and arboviruses (Ready, 2013) . Currently, 1002 phlebotomine species have been described worldwide (Galati, 2016) and 98 have been incriminated as vectors of Leishmania (Maroli et al., 2013) . The genus Lutzomyia is the aetiological agent of visceral leishmaniasis in the country. Other species of the subgenus Lutzomyia have also been associated with the transmission of visceral leishmaniasis in Brazil, including Lutzomyia cruzi, Lutzomyia forattinii and Lutzomyia almerioi (Pita-Pereira et al., 2008; Savani et al., 2009) .
The subgenus Lutzomyia includes a group of sibling species of which the females are morphologically indistinguishable. This group includes L. longipalpis, L. cruzi and Lutzomyia gaminarai (Galati, 2003) . Females of these species have been identified based on their site of collection and through their association with identified males collected from the same location. In Brazilian localities where both L. cruzi and L. longipalpis occur, females cannot be identified (Galati et al., 1997) . The same difficulty arises in areas in which both L. longipalpis and L. gaminarai have been recorded (Silva et al., 2008) . The identification of females of these species has important medical and veterinary implications because L. gaminarai has not been incriminated as a vector of Leishmania spp.
Morphometric studies to identify sibling phlebotomine species have been performed in recent decades (Añez et al., 1997; Dujardin et al., 1999 Dujardin et al., , 2005 Dujardin & Le Pont, 2000; Cazorla & Acosta, 2003; Sábio et al., 2014) and some have been based on wing geometry (Godoy et al., 2014; Shimabukuro et al., 2016) . Thus, the aims of the current study were: (a) to analyse variations in the size and shape of wings among Lutzomyia species within the subgenus Lutzomyia and to compare these variations with those in other species from different genera and subgenera; (b) to determine whether wing geometry can be used to distinguish morphologically indistinguishable females within the subgenus Lutzomyia; (c) to identify clusters based on wing geometry and to determine whether these clusters are consistent with the classification for the species within the subgenus Lutzomyia proposed by Galati (2003) , and (d) to analyse intraspecific variations in wing size between the sexes.
Materials and methods

Phlebotomine species
Sandflies from 18 species deposited in the entomological collection of the Entomology Laboratory of the Faculty of Public Health, University of São Paulo (FSP-USP-LESPPhlebotominae) and in the Phlebotomine Collection of the René Rachou Research Centre in Minas Gerais (FIOCRUZ-COLFLEB) were analysed. Of these 18 species, 13 belong to the subgenus Lutzomyia s.s. Two species from the subgenus Helcocyrtomyia and three species from other genera [Micropygomyia and Brumptomyia (both: Diptera: Psychodidae)] were used as outgroups (Table 1) . Information on the specimens' locations of origin can be observed in Table S1 . The morphologically indistinguishable females of L. longipalpis, L. cruzi and L. gaminarai were identified based on their origins and the identification of males collected from the same locations.
The right wings of the phlebotomines (males and females) were photographed using a digital camera (Sony™ Cyber-Shot 14.1 Mp; Sony Corp., Tokyo, Japan) attached to a microscope (100× magnification). In specimens in which the right wing was damaged, the left wing was used after a 180 ∘ turn of the photographed wing. The same camera was used to take all photographs; however, at the University of São Paulo, an Olympus BX51 microscope (Olympus Corp., Tokyo, Japan) was used, whereas at the FIOCRUZ Minas Centre, an Axio Scope.A1 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) was used. All images were labelled with the species name, sex of the specimen and a code.
Morphometry
The photographs of the wings were stored in a single folder using TpsUtil Version 1.60 (Rohlf, 2013) . A text file was created with ordered lists of the photographs. Six landmarks were digitized on the wings of the 18 species (Fig. 1 ) using TpsDig2 Version 2.19 (Rohlf, 2015a) . Shape variables resulted from the superimposition of the geometric configurations of each wing derived from the coordinate matrix using a least-squares iterative approach. Partial (localized) deformations and uniformed components (overall deformations) were then calculated based on the deformations of each wing in relation to the consensus configuration. These variables were combined in a W matrix comprised of the shape variables that described the variations in wing shape among the species studied. These shape variables were obtained using TpsRelw Version 1.59 (Rohlf, 2015b ).
An initial morphometric analysis was performed in all of the species. Next, more specific analyses were performed in only the species found to be most closely related in the first analysis. A final analysis was performed in the group of morphologically indistinguishable females. In this analysis, 12 morphological landmarks were used (Fig. 1) .
Centroid size was used to determine variations in wing size among the specimens. Centroid size was estimated using the landmark coordinates. Centroid size values were extracted from the coordinate matrix of the wings of each individual using TpsRelw Version 1.59 (Rohlf, 2015b) and were then log-transformed.
Statistical analyses
To test the differences in shape, a generalized Procrustes analysis (GPA) was performed. A principal component analysis (PCA) was conducted to explore variations in wing shape among the genera and subgenera. The distribution of specimens from each species in space as defined by the two first principal components (PC1 and PC2) was shown in a graph. Differences in shape were demonstrated in deformation grids generated by the tpsRelw software. Discriminant function analyses (DFAs) were performed to determine differences in shape between the groups specified a priori. Factor maps were produced to show the distributions of the specimens in space as defined by the two first discriminant factors. To better clarify the graphs, convex polygons were produced to outline the clusters formed.
The reclassification of specimens into groups of origin was analysed using contingency tables. Reclassification success was evaluated using kappa statistics (Landis & Koch, 1977) . The contribution of size to variations in shape (allometry) was Table 1 . Species analysed, numbers of males and females used, locations of origin, and collection.
Genus and subgenus
Species Specimens by sex, n Locations of origin Collection analysed using a simple regression of the principal shape components against centroid size values in the analysed wings. An analysis was performed to determine whether the morphological clusters obtained using wing geometry in this study were consistent with those proposed by Galati (2003) ;
In this final analysis, dendrograms were generated based on Mahalanobis distances (generated after an analysis of the discriminant factors) using the unweighted pair group method with arithmetic average (UPGMA) and the cluster function within statistica Version 10.0 (StatSoft, Inc., Palo Alto, CA, U.S.A.).
An analysis of variance (anova) was performed to test the differences in centroid size among the species. Because different microscopes were used, separate size variation analyses were performed for the specimens from the two collections in order to assess possible errors in comparisons between each collection's species. Differences in size between the sexes were evaluated using t-tests. All analyses were performed using statistica Version 10.0 and MorphoJ Version 1.06D (Klingenberg, 2011) .
Results
Shape variation
The GPA revealed significant differences in wing shape among specimens from the 18 species analysed (F = 143.68, P < 0.001). The PCA with 18 species showed differences in wing shape between the genera Micropygomyia, Brumptomyia and Lutzomyia, and between the subgenera Lutzomyia and Helcocyrtomyia (Fig. 2) . Much of the variation occurred at landmark 3 (the apex of vein R1), which was found to have shifted substantially to an anterior region. This shift is reflected in the change from negative values to positive values in PC1. These data reflect the importance of this landmark in the division of genera and subgenera of sandflies. A tendency toward approximation was also observed with landmarks 1 and 4, which resulted in wing shortening (Fig. 2) . No substantial allometric effects were observed in the regression analyses between shape variables and centroid size, which shows that size had only a slight influence on variations in wing shape among both females (R 2 = 0.022, P = 0.004) and males (R 2 = 0.128, P < 0.001). In the DFA with all of the species, genera were separated in analyses of both males and females. Differences were also found between the subgenera Lutzomyia and Helcocyrtomyia. The subgenus Lutzomyia was found to be separated into two groups, named here as Clusters 1 and 2. Cluster 1 included (Fig. 3) . Successful reclassification after the DFAs, across the 18 species, amounted to 79.65% in females and 78.53% in males.
In the specific analyses of males and females within Clusters 1 and 2, species of the subgenus were easier to discriminate in Cluster 1; however, overlaps between species occurred, particularly between L. renei and L. battistinii. Correct reclassification scores were high in Cluster 1 (Table 2 ) and lower in Cluster 2 (Table 3) . Discriminant function analyses were not useful for distinguishing among females within Cluster 2, such as those of L. longipalpis and L. cruzi, even when 12 landmarks were used ( Figure S1 ).
Dendrograms based on wing shape variation revealed two clusters, just as in the classification of Galati (2003) . Overall, cluster makeup was consistent when the characteristics of male wing shapes were compared, with the exception of L. ischnacantha. However, this consistency was more limited among females: L. almerioi, L. forattinii, L. lichyi and L. dispar were placed in different clusters ( Figure S2 ).
Size variation
The centroid size analysis revealed statistically significant differences among wings across species from the entomological collection at the University of São Paulo (anova, F = 19.32, P < 0.001) and those from the phlebotomine collection at the (Table S2 ). Wings of females were found to be significantly larger than those of males in all other species.
Discussion
The current study revealed significant variation in wing shape and size between genera (Micropygomyia, Brumptomyia and Lutzomyia), subgenera (Lutzomyia and Helcocyrtomyia) and within the subgenus Lutzomyia, just as in the classification proposed by Galati (2003) . Two clusters within the Lutzomyia subgenus were distinguished. In Cluster 1 L. longipalpis, L. gaminarai and L. lichyi) , lower reclassification scores were observed. Wing geometry was useful in the identification of some species of the Lutzomyia subgenus, but the technique did not allow the identification of sibling species such as L. longipalpis and L. cruzi. Finally, intraspecific variations in wing size between the sexes were observed.
The shape patterns of organisms are closely associated with genotype variations. Some studies comparing wing shape in insects with genetic data have found consistencies among phylogenies (e.g. Muñoz-Muñoz et al., 2011) , results which provide evidence of a phylogenetic factor associated with wing shape. Thus, this variation may be employed to distinguish between sibling species (Gurgel-Gonçalves et al., 2008) .
Wing morphometry allowed for distinctions between species of different phlebotomine genera and subgenera. The differences in wing shape observed in the present study were similar to those reported by Godoy et al. (2014) , which are related to the landmarks represented by the apex of vein R1, the fork of veins R2 + R3 + R4, the apex of vein R5 and the apex of vein M4. The wing geometry results obtained by Godoy et al. (2014) and in the current study showed the wings of sandflies of the genus Brumptomyia to be larger and shorter than those of species of the other genera. In addition, species of the genera Lutzomyia, Nyssomyia and Micropygomyia were found to have narrow and elongated wings. Future studies comparing data for flight activity (Killick-Kendrick et al., 1986) with the results of studies on geometric morphometry may elucidate the differences observed and provide further information on phlebotomine biology.
Wing morphometry did not allow for the identification of sibling species within Cluster 2 of the subgenus Lutzomyia. The difficulty in identifying species in Cluster 2 may be explained by a speciation process involving species that have diverged only recently. Other studies have also been unable to separate the sibling species within this group. Santos et al. (2015) found no significant morphometric differences when comparing L. longipalpis and L. cruzi populations from the Brazilian state of Mato Grosso do Sul. In addition, Pinto et al. (2015) demonstrated that these species are highly related and present low genetic divergence. The latter study also reported that L. alencari is part of the L. longipalpis sensu lato complex. Studies on mating have also confirmed proximity between Table 2 . Reclassification scores of wings of species within Cluster 1 of the subgenus Lutzomyia after discriminant analysis of shape variables, grouped by sex. Kappa values refer to the degree of agreement between the observed and expected classifications and range from 0 to 1; a score between 0.80 and 1 is considered to indicate almost perfect agreement (Landis & Koch, 1977) . Table 3 . Reclassification scores of wings of species within Cluster 2 of the subgenus Lutzomyia after discriminant analysis of shape variables, grouped by sex. Kappa values refer to the degree of agreement between the observed and expected classifications and range from 0 to 1; a score between 0.80 and 1 is considered to indicate almost perfect agreement (Landis & Koch, 1977) .
L. longipalpis and L. cruzi. Vigoder et al. (2010) found evidence that love songs among L. cruzi males are similar to those produced by some L. longipalpis populations. Future studies to quantify morphometric variations in other structures, such as the spermathecae or palp (Dujardin et al., 1999; Cazorla & Acosta, 2003) through analyses of the contours of these structures (Dujardin et al., 2014) and genetic variations between species based on different molecular markers and including different L. longipalpis populations (Santos et al., 2015) may help to differentiate between the sibling species in this group. Lutzomyia dispar wings were found to be smaller than Brumptomyia brumpti wings, a difference which suggests a clear correlation between the insect's wing size and body size. Interspecific differences in size may be the result of genotype variation as wing size has a genetic basis (Birdsall et al., 2000) .
Sexual dimorphism in wing size was observed: female wings were found to be larger than male wings in almost all of the species studied. The exceptions were L. longipalpis, L. alencari, L. ischyracantha, L. lichyi and M. quinquefer, in which no significant differences in wing size were found between the sexes. It is likely that the wings of males and females within the subgenus Lutzomyia have taken different evolutionary paths as each sex plays a distinct role within its species. Behaviours such as those involved in courting and feeding (e.g. blood feeding in females) may result in different selective pressures in males and females. These differences may explain why a larger wing size in females is seen in most of the current species. Therefore, according to Vidal et al. (2012) , sexual selection cannot be discarded in this context. The lack of sexual dimorphism in size in some species, such as L. longipalpis, may be the result of adaptive processes. Among some groups of vector insects, such as triatomines, there is an evident decrease in sexual dimorphism during the transition from sylvatic to artificial environments, such as the laboratory or human dwellings (Gurgel-Gonçalves et al., 2011) . This may explain why male and female L. longipalpis specimens are similar in size, although this topic warrants more in-depth study to compare sylvatic and domestic populations.
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